Satellite remote sensing is an indispensable means of measuring and monitoring precipitation on a global scale. The Tropical Rainfall Measuring Mission (TRMM) is continuing to make significant progress in helping the global features of precipitation to be understood, particularly with the help of a pair of spaceborne microwave sensors, the TRMM Microwave Imager (TMI) and precipitation radar (PR). The TRMM version-5 standard products, however, are known to have a systematic inconsistency in mean monthly rainfall. To clarify the origin of this inconsistency, the authors investigate the zonal mean precipitation and the regional trends in the hydrometeor profiles in terms of the precipitation water content (PWC) and the precipitation water path (PWP) derived from the TMI profiling algorithm (2A12) and the PR profile (2A25). An excess of PR over TMI in near-surface PWC is identified in the midlatitudes (especially in winter), whereas PWP exhibits a striking excess of TMI over PR around the tropical rainfall maximum. It is shown that these inconsistencies arise from TMI underestimating the near-surface PWC in midlatitude winter and PR underestimating PWP in the Tropics. This conclusion is supported by the contoured-frequency-by-altitude diagrams as a function of PWC. Correlations between rain rate and PWC/ PWP indicate that the TMI profiling algorithm tends to provide a larger rain rate than the PR profile under a given PWC or PWP, which exaggerates the excess by TMI and cancels the excess by PR through the conversion from precipitation water to rain rate. As a consequence, the disagreement in the rainfall products between TMI and PR is a combined result of the intrinsic bias originating from the different physical principles between TMI and PR measurements and the purely algorithmic bias inherent in the conversion from precipitation water to rain rate.
Introduction
Satellite remote sensing is an efficient tool for measuring rainfall on a global scale. Techniques for evaluating precipitation from satellites may be divided into three major categories: those based on visible and/or infrared measurements, those based on passive-microwave measurements, and those based on radar measurements (Kidder and Vonder Haar 1995) . The visible and/or infrared techniques rely on the assumption that a clear correspondence exists between the observed characteristics at cloud top and rain rates, whereas the microwave techniques directly detect precipitating hydrometeors in addition to the overlying cloud layer.
Rainfall measurements by spaceborne microwave radiometers have a long history (e.g., Wilheit et al. 1977 Wilheit et al. , 1991 Spencer 1986; Olson 1989; Kummerow and Giglio 1994; Aonashi et al. 1996; Kummerow et al. 1996) . Current widely used sensors for satellite microwave radiometry of precipitation are the Special Sensor Microwave Imager (SSM/I) aboard the Defense Meteorological Satellite Program satellites and the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) aboard the TRMM satellite. In addition to TMI, the TRMM satellite has the advantage of carrying the pre-
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cipitation radar (PR), which is a unique spaceborne radar used to measure rainfall and is capable of profiling precipitation with a vertical resolution of 250 m. TMI and PR can independently estimate precipitation. The two estimations ideally should agree with each other.
The TRMM standard products provided by the National Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC) support rain rates near the surface (hereinafter called simply rain rates) evaluated either from TMI or PR or from their combined use . Kummerow et al. (2000) investigated consistency among the TRMM standard products for precipitation and found a bias of 24% in the global tropical monthly averages of rain rate in the latest version (version 5) of the products. The largest discrepancy lies between the products derived from the TMI profiling algorithm (2A12) and the PR profile (2A25), where the former provides the maximum rain rates in the Tropics and the latter the minimum. The discrepancies in the rainfall products are among the major problems to be resolved to achieve the scientific goals of TRMM, such as evaluating the latent heat over the global Tropics (Tao et al. 2001 ).
There are a number of possible sources of the disagreement in estimated rain rates. First, the disagreement may be attributed to the difference between a radiometer and a radar in the physical principles for sensing rainfall. A radar directly measures the three-dimensional structure of precipitation. In contrast, some model assumptions in the retrieval algorithm are required to derive the vertical structure from brightness temperatures detected by a radiometer. Radar measurements basically involve only the backscattering and attenuation of microwaves. Radiometric measurements, however, are more complicated because brightness temperatures can be enhanced by the thermal emissions, can be shielded by the scattering, or there may be a trade-off between them, depending on the channel frequency and the phase of hydrometeors (liquid, ice, or their mixture). TMI has nine channels at five frequencies from 10.65 to 85.5 GHz, with vertical and horizontal polarizations for each, except for the 21.3-GHz channel. Precipitation radar, in contrast, is a single-frequency (13.8 GHz) radar. As a result, PR is insensitive to ice particles unless they are large enough to be detectable by 2.2-cm wavelength microwaves. Difference in the footprint size between the sensors also could produce a disagreement in the retrievals. TMI retrievals may suffer from the nonuniform beam-filling effect more seriously than PR does because of the large footprint sizes for the low-frequency channels of TMI (e.g., 63 km in the down-track direction at 10.65 GHz) as compared with the PR footprint size (4.3 km for nadir).
Second, one may focus on uncertainties that depend on model assumptions involved with individual retrieval algorithms. A possible source of the uncertainties arises from the treatment of drop size distributions (DSDs; Viltard et al. 2000) . The TMI profiling algorithm (2A12) is based on the Bayesian approach to derive hydrometeor profiles by comparing the observed brightness temperatures with a preexisting database Olson et al. 1996) . In treating DSDs, the 2A12 algorithm relies on assumptions in the cloud-resolving models used to construct the database. Uncertainties in the DSD assumptions are not critical in TMI measurements because TMI brightness temperatures in low-frequency channels are insensitive to DSD, but DSD will become important later when the conversion from precipitation water to rain rate is discussed. In contrast, the PR 2A25 algorithm employs a globally averaged DSD as the initial guess to obtain the radar reflectivity-rain rate (Z-R) and specific attenuation-radar reflectivity (k-Z) relations adjusted to be consistent with the assumed DSD model . The DSD assumptions more strongly affect PR retrievals than those from TMI because information on the DSD enters radar echoes through the sixth moment of the DSD instead of the third moment. Viltard et al. (2000) investigated the consistency in observed and synthesized brightness temperatures using TRMM data, where the synthesized brightness temperatures were simulated in the use of the PR profiles, to examine the sensitivity to the assumptions on DSDs. In addition to the ambiguities in treating DSDs, other types of algorithm-dependent error sources include limitation in the universality of model databases and ambiguity in the attenuation correction. These algorithmic problems, in particular the DSD uncertainties, and the differences in measurement principle and footprint size are crucial. They are outside the scope of this paper but should be investigated in future studies.
In addition to the algorithmic differences, one must consider the definition of rain rate itself as a candidate source of the uncertainty. The rain rate is theoretically proportional to
͵ 0 where (D) is the fall velocity of a raindrop with diameter D, and n(D) is the DSD. Because neither TMI nor PR can measure the fall velocity directly, accuracy in estimating rain rate is limited by the uncertainties in (D). This point has important implications. In particular, the TMI brightness temperatures do not strongly depend upon the details of the DSD, surface rainfall, on the other hand, does. We therefore prefer directly measurable quantities, such as the precipitation water content, for comparison between TMI and PR. Correlation between precipitation water content and rain rate is investigated below for each of the TMI and PR products.
In section 2, we describe the data employed in our analysis. Results are shown and some related discussions are presented in section 3, where results are compared in terms of the zonal-mean precipitation water contents and precipitation water paths (section 3a) and of the contoured-frequency-by-altitude diagrams (section 3b), followed by a brief examination of their correlation with rain rates (section 3c). The findings are summarized in section 4.
Data
As mentioned in section 1, the 2A12 and 2A25 rain rates have the largest disagreement among all the TRMM standard rainfall products . We therefore compare 2A12 and 2A25 in this study. In the 2A12 algorithm, the hydrometeor profiles are retrieved by relating the observed brightness temperatures to a large number of profiles in a preexisting database through the Bayesian inversion scheme Olson et al. 1996) . The database is computed from cloud-resolving models, such as the Goddard Cumulus Ensemble Model, that have been tested well for tropical convective systems . The 2A12 data contain the hydrometeor profiles for precipitation water, precipitation ice, cloud liquid water, and cloud ice water, all of which are in units of grams per cubic meter, and the latent-heat profile. The profiled quantities are assigned in 14 layers from the surface to 18 km in altitude. The near-surface rain rate is also included in the 2A12 products. In this paper, we mainly use the precipitation water and the precipitation ice to study consistency with the PR products and subsequently investigate the correlation of the water contents with the near-surface rain rate.
For comparison with the TMI products, we also need to derive the precipitation water and ice from the PR reflectivity, but the 2A25 dataset includes only the rainrate profiles evaluated through the Z-R relations, not the water/ice contents. We therefore derived the Z-W relations to connect Z with the water content W, based on the DSD model consistent with the 2A25 algorithm in version 5 . [We note that the attenuation-corrected reflectivity, or Z e using the notation in Iguchi et al. (2000) , is denoted by the radar reflectivity Z in this paper.] The Z-W relations, like the Z-R relation, are expressed in a power-law relation,
Coefficients a w and b w depend on the water temperature for rain and on the fractional abundance of water for a snow-water mixture. They are listed in Table 1 for each of convective, stratiform, and other rains, according to the specification for the 2A25 rain-rate profile [see Fig. 4 in Iguchi et al. (2000) ].
We chose only the central 21 rays from the 49 rays within a PR swath because the near-surface quantities retrieved by PR are liable to be degraded in quality for large viewing angles near both ends of a scan line. We correspondingly omitted TMI footprints that do not overlap the selected PR beams (i.e., the central 21 rays) from the analysis to reduce errors due to the difference in the sampling swath between TMI and PR.
The 2A12 and 2A25 datasets are then assigned to a common format of the spatial allocation. The 2A25 data profiles with 250-m resolution are readjusted, by averaging, to the 14 layers that correspond with the 2A12 profiling format. The 2A12 and 2A25 data at the satellite footprint level are gridded to 0.5-Њ 2 resolution by the spatial average inside every grid box. Monthly mean data are obtained after the above-mentioned data processing is performed for every satellite orbit. In this paper, we present two sets of monthly data (July of 1998 and January of 1999). Neither of these months is affected by the El Niño event that occurred from 1997 to early 1998 because the event had ceased by July of 1998. The data are therefore considered to represent the climatological trend, although they may be somewhat influenced by the La Niña event that followed the El Niño in 1998.
Although it would be interesting to discuss, we do not include the 2B31 product (i.e., the combined TMI/ PR rainfall) in this study. This is because of the technical reason that the 2B31 product is not designed to allow us to estimate the precipitation-water profiles instead of the rain-rate profiles.
Results and discussion
In this section, we present and compare the rainfall retrievals derived by the TMI (2A12) and PR (2A25) algorithms. Hereinafter, TMI and PR refer to products/ algorithms specifically of 2A12 and 2A25, respectively, unless otherwise noted. The TMI and PR products are compared in terms of the precipitation water instead of the rain rate, which is usually of interest, as noted in section 1. In section 3a, the precipitation water content (PWC), or the mass density of precipitation water per unit volume, and the precipitation water path (PWP), defined as
where z is the altitude and h ϭ 18 km is the top altitude of the highest 2A12 layer, are presented in the zonal mean. The precipitation water content near the surface in the 0-500-m layer is called simply PWC ns . In section 3b, differences in the statistical trend of the rainfall profiles between the TMI and PR products are investigated. Correlation between PWC ns /PWP and rain rate is examined in section 3c.
a. Zonal mean precipitation water
The zonal mean PWC ns and PWP estimated from TMI and PR are shown in Figs. 1 and 2 , where the TMI retrievals include only the liquid-water component. We have excluded the precipitation ice to achieve a straightforward comparison with the PR-derived quantities because an appreciable fraction of ice particles is undetectable by PR. Effects of including the precipitation ice in the TMI products will be demonstrated for reference in the last part of this section (Fig. 3) and in section 3b. Figure 1 shows excellent agreement in PWC ns between TMI and PR over tropical oceans. A systematic excess of PR-derived PWC ns (PR-PWC ns ) over TMIderived PWC ns (TMI-PWC ns ) is observed in the midlatitudes, and more clearly so in the winter hemisphere. This tendency is most conspicuous at latitudes above 30ЊN in January. Although the data are somewhat noisy, PWC ns over land is similar to that over oceans except for the region of 20ЊS to 0Њ in January, in which TMI-PWC ns is larger than PR-PWC ns . It is noted that the land rainfall is in remarkable agreement despite the limitation of radiometer measurements of continental rainfall. This result may be because the TMI land algorithm employs the database constituted of the rainfall profiles that were carefully selected in comparison with ground measurements (see also section 3b). Figure 2 illustrates the difference between PWPs derived from TMI and PR (TMI-PWP and PR-PWP), showing a remarkable contrast to Fig. 1 . TMI-PWP and PR-PWP agree very well in the oceanic environment except for the region with the maximum PWP in the Tropics (0Њ to 10ЊN), in which TMI-PWP exceeds PR-PWP by about 20%. Characteristic patterns of PWP over land resemble those of PWC ns for TMI and PR, although the excess of PR in PWC ns seen in the midlatitudes has been reduced in PWP.
In summary, there are two notable differences in the precipitation water between the TMI and PR products: 1) PR exceeds TMI in PWC ns in midlatitude winter and 2) TMI exceeds PR in PWP around the tropical rainfall maximum. In either case, the discrepancy is presumed to be caused by inconsistencies in the hydrometeor profiles derived by the TMI and PR algorithms. Although there is no way to determine whether TMI or PR retrieves PWC ns and PWP more accurately, we address a hypothetical solution from the viewpoint of the physical principles in radiometric and radar remote sensing.
• PR should be more reliable in retrieving PWC ns than TMI is because PR echoes more directly evaluate the hydrometeor profiles than do TMI brightness temperatures.
• TMI brightness temperature at 10 GHz is preferable to PR echoes for estimating PWP because the thermal emissions are less sensitive to the DSD assumptions and are less damaged by a heavy extinction than is the scattered radiation. On the other hand, the correlation between PWP and the 10-GHz brightness temperature would suffer from the poor spatial resolution of the 10-GHz channel. Nevertheless, the TMI algorithm overcomes this difficulty to some extent with the help of the high-frequency channels. Fig. 2 , but including the precipitation ice for TMI-PWP.
In this context, TMI would underestimate the midlatitude rainfall and PR would underestimate the tropical maximum of precipitation. In the next section, we examine characteristic differences in the rainfall profiles between TMI and PR to validate this hypothesis.
Before closing this section, we demonstrate for reference how much precipitation ice PR misses as compared with TMI in Fig. 3 . There is a large difference in the sensitivity to ice particles between TMI and PR. Sensitivity of PR to hydrometeors depends on the particle-size effect (the backscattering cross section ϰ D 6 in the Rayleigh regime) and on the dielectric property of scattering particles. For the dielectric property, liquid water is about 4 times as large as ice in the Rayleigh backscattering cross section, which accounts for the insensitivity of PR to ice particles in combination with the particle-size effect. Whereas ice particles are detectable by PR if they are sufficiently large, TMI is sensitive to smaller ice hydrometeors as well by virtue of the high-frequency channels. This difference in the detectability of ice between TMI and PR results in a large discrepancy in the estimated ice amount. Figure 3 is the same as Fig. 2 , but the precipitation ice is included in the TMI retrieval. Addition of the ice component leads to a drastic increase in global TMI-PWP except for the subtropics over lands in the dry season. Adding precipitation ice does not cause any apparent change in TMI-PWC ns (not shown), because the contribution of snow is negligible near the surface throughout the latitude range observable from the TRMM satellite.
b. Vertical profiles of precipitation water
The results obtained in the previous section motivate us to examine characteristics in the vertical profiles of hydrometeors retrieved by TMI and PR. In this section, we investigate statistical trends in the vertical profiles of PWC using contoured-frequency-by-altitude diagrams (CFADs). The abscissa conventionally represents the radar reflectivity in a CFAD, but radar reflectivity is replaced by PWC in this work.
Figures 4-7 present CFADs for some representative sites listed in Table 2 . Each figure consists of three panels showing PR-PWC (left), TMI-PWC without ice (middle), and TMI-PWC including the precipitation ice (right). All data are based on monthly statistics in January of 1999. Figure 4 represents a heavily precipitating region close to the western Pacific warm pool. In the TMI-PWC profiles, the freezing level is clearly identified at an altitude of about 4 km, above which PWC in the liquid phase decreases rapidly with increasing height and disappears completely at 9 km in altitude (Fig. 4,  middle) , as an appreciable amount of the precipitation ice takes its place up to (or beyond) the tropopause (Fig.  4, right) . The PR-PWC profiles, in contrast, show that PWC gradually and monotonically decreases with increasing height without discontinuity at the freezing layer as identified by TMI (Fig. 4, left) . A straightforward comparison between the TMI-and PR-derived profiles is therefore not easy because of the difference in the detectability of pure ice particles between TMI and PR as mentioned at the end of the previous section, and the PR-derived profile is expected to correspond to an intermediate profile between extremes as shown by the middle and right panels in Fig. 4 . However, comparison is meaningful for the domain where hydrometeors are all melted, or below a typical freezing level of 4-5 km in the Tropics. PR echoes detected far above the freezing levels are attributed to a small but finite fraction of very large frozen hydrometeors. Figure 5 presents a CFAD for an eastern Pacific region containing the ITCZ. As expected, both the left and right panels indicate that average heights of rainfall tend to be relatively lower than in the western Pacific (Fig. 4) , whereas the freezing level appears to show no substantial difference between the western and eastern Pacific regions (middle panel).
In Figs. 4 and 5, PWC tends to be systematically larger 3-4 km above the surface for TMI than for PR while the frequency distributions of PWC are similar near the surface. This behavior explains the tropical characteristics in the zonal mean precipitation water, that is, the excellent agreement in PWC ns and the large excess of TMI-PWP over PR-PWP around the tropical rainfall maximum (cf. section 3a).
PWC profiles over the South American continent are illustrated in Fig. 6 . The PR and TMI (with ice) profiles consistently indicate that precipitation is often developed at higher altitudes than oceanic rainfall is (Figs. 4 and 5), as expected for continental precipitation. The liquid precipitation water cuts off more sharply above 4 km in the TMI profiles than in the tropical oceanic cases. It is reasonable that the continental rainfall profiles are still more homogeneous than the oceanic rainfalls in the TMI products because the TMI land algorithm employs a limited number of profiles in the database that were carefully selected so that the satelliteretrieved rain rate by the scattering scheme (i.e., using VOLUME 41 the 85-GHz brightness temperature) should be consistent with ground-radar measurements. Figure 7 illustrates the northern midlatitude Pacific precipitation. The PWC profile acquired by PR exhibits very different characteristics from those shown above (Figs. 4-6 ). This is reasonable in the context of the variance in the precipitation mechanisms between tropical convection systems and midlatitude storms. A peak at 1 km above the surface in the CFAD by PR is presumed to result from significantly lower heights of rainfall than in the tropical Pacific and South American cases. In contrast, TMI shows much less variety in the PWC profiles, except for the double peaks in the precipitation ice profile at 2-4 and 12 km in height seen in Fig. 7 . The freezing level at 1 km in height cannot be reproduced by the TMI algorithm because the TMI M A S U N A G A E T A L . Fig. 4 , but at the midlatitude Pacific site (cf. Table 2 ).
FIG. 7. Same as
algorithm outside the Tropics is represented by a discrete set of raining profiles that have freezing levels at 3.5, 2.9, and 2.3 km, which probably account for the lower TMI peak (2-4 km). The other TMI peak, at a height of 12 km, seems unrealistic for precipitation in midlatitude winter, and reminds us of tropical convective precipitation rather than a midlatitude storm. In the middle panel of Fig. 7 , the freezing level is frequently identified at a height of 4 km, which also reminds us of tropical rainfall.
We now revisit the hypothesis addressed in section 3a. It implies that the tropical rainfall maximum should be estimated more accurately by TMI and underestimated by PR and that the midlatitude rainfall should be derived more precisely by PR and underestimated by TMI. This hypothesis is consistent with the fact that the preexisting database in the TMI profiling algorithm (2A12) is based on the cloud-resolving models focusing mainly on the tropical rainfall system . The PWC profiles by TMI are acceptable for tropical precipitation (Figs. 4 and 5) . Examination of Fig. 7 reveals that PWC is reasonably concentrated near the surface in the PR-derived profile but that TMI redistributes the precipitation water into a more vertically homogeneous profile, although the vertically integrated PWC (or PWP) agrees well in this region according to Fig. 2 . The discrepancy in PWC is inferred to result from failure in the profiling by TMI. This may be because the model database in the TMI algorithm does not completely cover the actual variation in precipitation profiles, particularly for precipitation types differing from those typical in the Tropics.
Furthermore, the hypothesis above does not contradict the tendency that PR measurements are subject to uncertainties in the attenuation correction, especially for the heavy precipitation typical in the Tropics, which could increase errors in estimating PWC and PWP by PR. If the radar reflectivity is damaged by a heavy extinction, it would lead to a notable disagreement in the retrieved rainfall between TMI and PR in the Tropics as observed in PWP (Fig. 2) . In contrast, PWC ns shows an excellent agreement in the Tropics (Fig. 2) . In fact, the near-surface quantities would be less seriously degraded in accuracy than the off-surface quantities by virtue of the surface reference technique used for the attenuation correction. In the surface reference technique, the path-integrated attenuation (PIA) is estimated by comparing the surface echoes in the precipitating area with those in a rain-free area . Under a given constraint on PIA, PWC ns is evaluated more precisely than off-surface PWCs, for which the attenuation correction would be less accurate because of the uncertainty in the vertical extinction profile. The PR algorithm (2A25) depends on the surface reference technique to avoid numerical difficulties encountered when solving the Hitschfeld-Bordan equation for the attenuation correction in heavy-precipitation regions . As a result, it is plausible that the TMI algorithm tends to underestimate PWC in the midlatitudes (especially in the winter hemisphere) and that the PR algorithm tends to underestimate PWP in the tropical rainfall maximum, as predicted by the hypothesis raised in section 3a. Our next step is to investigate how the rain rate relates with PWC and PWP, which is the subject of the subsequent section. Fig. 1 , but for the zonal mean rain rate near the surface.
c. Correlation between rain rate and precipitation water
A major concern of meteorologists and hydrologists engaged in precipitation studies is the rain rate rather than PWC and PWP. In this section, we examine the correlation between rain rate and precipitation water to discuss the influences of the results obtained in the preceding sections. Figure 8 shows the zonal mean monthly rain rates derived from the TMI and PR products. One can immediately find a considerable excess of the TMI rain rate over the PR rain rate around the tropical maximum, which obviously reflects the tendency in PWP (Fig. 2) . A small excess of PR is identified in the northern midlatitude in January of 1999 in accordance with the trend in PWC ns (Fig. 1) , although the discrepancy is less pronounced in rain rate than in PWC ns . This excess of PR disappears, or is inverted, in July, and hence the discrepancy in the midlatitude rain rates is almost canceled in the annual average. The overall features in Fig. 8 are consistent with Kummerow et al. (2000) , who found that the disagreement in the tropical-mean monthly rain rates over oceans in 1998 is 24% among the TRMM standard algorithms in version 5 (Fig. 4 of Kummerow et al. 2000) . As compared with Fig. 8 , the region with a large difference in rain rate extends over a broad region over tropical oceans in Kummerow et al. (2000) , which is deemed to be affected by the anomaly in tropical precipitation due to the El Niñ o event.
The excess of TMI in rain rate over PR around the tropical rainfall maximum seems to be reasonably interpreted to result from a similar feature in PWP (Fig.  2) . However, it is still curious why PWC ns , which should be more closely related with near-surface rain rate than PWP, shows no sign for such excess in the Tropics (Fig.  1) . This result implies the presence of an algorithmic bias in the conversion from precipitation water to rain rate in addition to the intrinsic bias inherent in PWP and PWC ns .
Some differences in the assumptions underlying both the algorithms could produce a bias in the conversion from precipitation water to rain rate. First, the TMI and PR algorithms are based on different DSD assumptions. The PR algorithm assumes a gamma distribution for the DSD model to derive the Z-R relations for each rain type (i.e., stratiform, convective, and others). In contrast, the TMI algorithm adopts the Marshall-Palmer distribution for the DSD. Second, the definitions of precipitation water and rain rate are based on different physical backgrounds between TMI and PR. The retrievals are ''physical'' outputs given by model simulations in the TMI rainfall products, whereas rainfall quantities are directly connected with the radar reflectivity through the Z-R and Z-W relations in the PR algorithm. Figure 9 demonstrates the correlation between the rain rate and the precipitation water over the globe for the TMI (without ice) and PR products. The best-fit linear functions for the scatter plots, delineated in , where RR is the rain rate (mm h Ϫ1 ). In both (3) and (4), TMI tends to have a larger inclination of the best-fit line than PR does, and the offset is negligibly small in every case. In other words, TMI tends to yield a higher rain rate than PR in response to a given PWC ns or PWP, and the difference increases as the precipitation becomes heavier, as demonstrated by taking the difference between TMI and PR in (3) and (4): 
As a consequence, the excess of TMI over PR in precipitation water would be expanded in rain rate and vice versa, although these trends would not be notable in low-precipitation regions. This accounts for the trend found in Fig. 8 , where the excess of TMI over PR around the tropical rainfall maximum, which originated from the feature appearing in PWP (Fig. 2) , is exaggerated in rain rate while the midlatitude excess of PR over TMI in PWC ns is suppressed in rain rate. We thus conclude that the large excess of TMI over PR in tropical rainfall results from a combined effect of the intrinsic retrieval bias in PWP and an algorithmic bias in the conversion from PWP to rain rate. Excess of PR in midlatitude PWC ns , in contrast, appears to be compensated by an opposite bias in the rain rate-PWC ns relation. The coincidence in rain rate between TMI and PR in the midlatitudes thus seems to be a fortunate artifact rather than a successful agreement between the algorithms.
One might wonder if the correlation between rain rate and precipitation water depends on the surface condition (i.e., ocean or land) for TMI measurements because of the difference in algorithmic strategies, where retrieval techniques exclusively depend on the depression of brightness temperatures by scattering by ice particles for radiometric measurements of rainfall over land. To examine this point, we further divide the scatter diagrams for TMI in Fig. 9 into oceanic and continental rainfalls. Figure 10 shows separate diagrams for each type of TMI-derived rainfall over ocean and land areas. The correlation between rain rate and precipitation water is excellent in an oceanic environment, whereas scatterplots are much more widely dispersed over land areas. (6) and (7) with (3) and (4) reveals that the dependence on the surface condition (ocean or land) in TMI measurements is very small in comparison with the difference from PR measurements. Hence, the overall conclusions derived from Fig. 9 with (3) and (4) are unchanged for oceanic and continental rainfalls.
Summary and conclusions
In this paper, we compare TRMM standard rainfall products derived by the TMI (2A12) and PR (2A25) profiling algorithms to clarify the origins of the disagreement among the products pointed out by Kummerow et al. (2000) . In our strategy, we focus on the precipitation water content and the precipitation water path, given by the vertical integration of PWC, for comparison instead of the rain rate that is usually of interest. This approach enables us to separate the intrinsic problems involved in the physical principles of remote sensing from the uncertainties resulting from the conversion from precipitation water to rain rate. We adopted two sets of monthly data (July of 1998 and January of 1999) for the analysis.
PWP and near-surface PWC, or PWC ns , in the zonal mean generally show good agreement between the TMI and PR products except in midlatitude winter for PWC, where PR-PWC ns exceeds TMI-PWC ns (Fig. 1) , and around the tropical rainfall maximum for PWP, where TMI-PWP exceeds PR-PWP (Fig. 2) . These discrepancies are attributed to characteristic differences in the hydrometeor profiles retrieved by the TMI and PR algorithms, which are examined in terms of CFADs as a function of PWC (instead of the conventional definition of the radar reflectivity). Direct comparison between the PR-and TMI-derived PWC profiles is justified below the freezing level because of the insensitivity of PR to pure ice particles.
As a general trend, TMI shows very little variety in the PWC profiles in comparison with PR, which presents significant variations in the profiles corresponding to a wide range of precipitation characteristics from tropical convective rainfall to midlatitude storms. This invariability in the TMI-retrieved rainfall may be responsible for the underestimation of TMI-PWP in midlatitudes, implying a limitation of the preexisting database incorporated in the current TMI profiling algorithm. The PR measurements are liable to suffer from ambiguity in the attenuation correction in heavy precipitation around the tropical rainfall maximum, which is presumed to be the cause of the underestimation of near-surface PWC by PR in the Tropics.
It is meaningful to demonstrate how the discrepancies in PWC and PWP influence the rain rate in response to meteorological and hydrological interests. Scatter diagrams for PWC ns and PWP versus rain rate indicate that TMI tends to yield a larger rain rate than PR does for a given PWC ns or PWP, which is more significant for heavier precipitation. As a consequence, an excess of TMI in precipitation water over PR would be increased in terms of rain rate and vice versa. This bias accounts for the characteristics in the zonal mean monthly rain rate (Fig. 8) , where the TMI products show a large excess in the tropical rain rate over the PR products but the discrepancy is reduced in the midlatitudes, consistent with Kummerow et al. (2000) . Summarizing all the above findings, we conclude that the disagreement in the rainfall products between TMI and PR is a combined result of the intrinsic bias originating from the different physical principles between TMI and PR measurements and the purely algorithmic bias inherent in the conversion from precipitation water to rain rate. This paper is a starting point toward development of an ultimate rainfall algorithm by combined use of a radar and a radiometer. There are unresolved issues such as the DSD uncertainty problem addressed in section 1. Furthermore, in contrast to this work, which is based on monthly averages, instantaneous matching of TMI and PR data would provide a greater insight into the origins of the disagreement in the retrievals. Although these topics are left to future studies, we have some implications from the current study that may be useful for future development of rainfall algorithms using either a microwave radiometer or a radar, or their combination.
As one may expect, difficulties in determining the vertical profiles from radiometric measurements and uncertainties in the attenuation correction for radar measurements are crucial obstacles to precise estimation of rainfall. The Bayesian approach based on a preexisting database as adopted in the TMI profiling algorithm (2A12) could be greatly improved by enriching the database to cover a wider variety in possible rainfall profiles. A combined algorithm using radiometric brightness temperatures at low frequencies to constrain the total attenuation in radar measurements (Haddad et al. 1997) would also be an efficient way to overcome the problems. More formidable problems are involved in ambiguities in the conversion from precipitation water to rain rate because a DSD and (D), required to evaluate (1), and their regional variations are uncertain. Nevertheless, the achievement of reasonable agreement in rain rate requires significant reduction of the discrepancy in the conversion from precipitation water to rain rate among the algorithms.
A consistency study for rainfall products between radiometric and radar measurements will also be helpful in algorithm development for the TRMM follow-on project, currently being planned, in which a spaceborne dual-frequency precipitation radar with an additional channel at 35 GHz is being examined along with a successor of TMI. The addition of a higher-frequency radar channel would require a more precise correction of attenuation but would provide information about the DSD. This would eliminate many of the ambiguities that remain in PWP, PWC, and the surface rainfall. The Global Precipitation Measurement (GPM) mission is being planned in which a constellation of eight satellites carrying microwave radiometers is to be organized along with the TRMM follow-on satellite described above as a core satellite. It is required for GPM to develop a radiometer algorithm for the constellation satellites that takes advantage of the dual-frequency radar aboard the core satellite for improving accuracy of the retrieval. A possible solution is to update the current TMI (2A12) algorithm by incorporating radar-retrieved rainfall profiles in some way into the database. Efforts to sophisticate rainfall algorithms using spaceborne radar and radiometer are now being started with a view toward use in future projects in planning, such as GPM.
